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Microbial intradiol dioxygenases have been shown to have a great potential for bioremediation; however, their structure is sensitive
to various environmental and chemical agents. Immobilization techniques allow for the improvement of enzyme properties.This is
the first report onuse of glyoxyl agarose and calciumalginate asmatrixes for the immobilization of protocatechuate 3,4-dioxygenase.
Multipoint attachment of the enzyme to the carrier caused maintenance of its initial activity during the 21 days. Immobilization of
dioxygenase in calciumalginate or on glyoxyl agarose resulted in decrease in the optimum temperature by 5∘Cand 10∘C, respectively.
Entrapment of the enzyme in alginate gel shifted its optimum pH towards high-alkaline pHwhile immobilization of the enzyme on
glyoxyl agarose did not influence pHprofile of the enzyme. Protocatechuate 3,4-dioygenase immobilized in calciumalginate showed
increased activity towards 2,5-dihydroxybenzoate, caffeic acid, 2,3-dihydroxybenzoate, and 3,5-dihydroxybenzoate. Slightly lower
activity of the enzyme was observed after its immobilization on glyoxyl agarose. Entrapment of the enzyme in alginate gel protected
it against chelators and aliphatic alcohols while its immobilization on glyoxyl agarose enhanced enzyme resistance to inactivation
by metal ions.
1. Introduction
Protocatechuate 3,4-dioxygenase belongs to the iron-
dependent enzymes and catalyzes intradiol cleavage of
aromatic compounds [1]. The active site of this enzyme
contains two tyrosines, two histidines, and a hydroxide
ion as ligands of the high-spin iron(III) [2]. Interactions
between substrate and atom of iron(III) cause activation of
the substrate for an electrophilic attack by molecular oxygen.
It leads to the peroxobridge formation between the iron
and C4 of substrate. Next, Criegee rearrangement of this
structure occurs, leading to the cyclic anhydride formation
[1]. These enzymes take part in degradation of various
aromatic compounds but they can be inhibited by different
agents such as substrate analogues, chelators, and metal
ions [3–7]. For that reason, identification and isolation of
enzymes resistant to these factors have become an important
subject of the research and are crucial for environment
bioremediation. However, direct application of enzymes in
environmental treatment technologies is limited due to the
loss of enzymes’ activity [8]. Therefore, different methods
of their stabilization have been developed. One of them is
immobilization which has been used as a tool to improve
many of enzymes’ properties such as operational stability,
inhibitor resistance, and performance in organic solvents
[8–10].
Calcium alginate gel is well known and the most widely
used carrier in bioremediation process [9, 11]. It is nontoxic
and inexpensive. Entrapment of enzymes in calcium alginate
gel protects them against environmental factors such as pH,
temperature, oxygen, organic solvent, or chelators, but has
the drawback of mass transfer limitation and low enzyme
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loading [10, 12]. Better stabilization of the enzyme can be
achieved by its multipoint attachment to the carrier since
formation of additional covalent bonds increases the rigidity
of the immobilized enzyme [13, 14]. Amongdifferentmethods
of multipoint covalent strategies, one of the most effective is
immobilization on glyoxyl-agarose. In this method aldehyde
groups of resin react with exposed primary amino groups of
the enzyme [15, 16].
Protocatechuate 3,4-dioxygenase form Stenotrophomonas
maltophilia KB2, which catalyzes nitrophenol, is highly resis-
tant to metal ions [6, 7]. Because of high biotransformation
potential of this enzyme, in this study we have attempted
to improve its functional and thermal stability as well as
resistance to inhibitors through noncovalent immobilization
in calcium alginate hydrogel or multipoint covalent immobi-
lization on glyoxyl-agarose.
2. Materials and Methods
2.1. Media and Culture Conditions. Stenotrophomonas mal-
tophilia KB2 (VTT E-113197) was enriched in mineral salts
medium (MSM), as described previously [7], in the presence
of 6mM 4-hydroxybenzoic acid. Cultures were incubated at
30∘C and agitated at 130 rpm.
2.2. Preparation of Cell Extracts. Cells were harvested in
the late exponential growth phase (after 15 hours) and
centrifuged at 4,500 g for 15min at 4∘C. Next, the cells
were washed with 50mM phosphate buffer, pH 7.0, and
resuspended in the same buffer. Cells were sonicated 6x
for 15 s and centrifuged at 9,000 g for 30min at 4∘C. The
supernatant was used as crude extract for enzyme assays and
immobilization procedures.
2.3. Calcium Alginate Hydrogel Formation. For immobiliza-
tion of protocatechuate 3,4-dioxygenase in calcium alginate,
3mL of enzyme solution were suspended in 7mL of 3% (w/v)
sodium alginate in 50mM phosphate buffer solution (pH
7.0) and homogenized. After homogenization the mixture
was dropped into 25mL of 0.15M CaCl
2
solution. Upon
contact with the solution, drops were gelled to form constant
and defined-sized spheres (external diameter 2.0mm), which
remained in the solution, under mild agitation, to complete
the gel formation. After 1 h of incubation, the beads were
removed by vacuum filtration, washed three times with
phosphate buffer solution (pH 7.0), and stored at 4∘C. Such
prepared alginate beads were used to analyze properties of
immobilized enzyme.
2.4. Immobilization of Protocatechuate 3,4-Dioxygenase on
Glyoxyl Agarose. Immobilization of protocatechuate 3,4-
dioxygenase on glyoxyl agarose was prepared as previously
described [13]. 1mL of glyoxyl agarose was mixed with
9mL crude extract. The progress of the immobilization was
monitored by measuring enzymatic activity until the activity
measurements remained constant, which indicated complete
immobilization. The resulting derivatives were reduced with
sodium borohydride. After 30 minutes borohydride was
eliminated by washing with 50mMphosphate buffer (pH 7.0)
and abundant distilled water.
2.5. Enzyme Assays. 9mM 4-hydroxybenzoate was used
as the inducer of protocatechuate 3,4-dioxygenase. Spe-
cific activity of free and immobilized protocatechuate 3,4-
dioxygenase was assayed by measuring oxygen consumption
[6]. After the addition of the enzyme (in either free or
immobilized form), vials were incubated at 30∘C in water-
bath with shaking. At regular time intervals (30 s), the
reaction progress was monitored bymeasurements of oxygen
consumption.
One unit of enzyme activity was defined as the amount
of enzyme required to generate 1 𝜇moL of product per
minute at 35∘C. Activity of free and immobilized enzyme
was expressed as specific activity (U/mg protein).The soluble
and immobilized protein concentration was determined by
the dye-binding procedure of Bradford using bovine serum
albumin as a standard, as described previously [10].
2.6. pH and Temperature Optima of Free and Immobilized
Protocatechuate 3,4-Dioxygenase. The effect of pH on the
enzyme activity was determined by measuring the activity at
30∘C over the pH range 2.2–10.0 using the following buffers:
0.05M phosphate-citrate (pH 4.0 to 4.5), 0.05M So¨rensen
(pH 5.0), 0.05M phosphate (pH 5.7 to 8.0), 0.05 glycine (pH
10.0), 0.05 Britton-Robinson (pH 11.00 to 12.00), and 0.05
ammonia-sodium hydroxide (pH 13.00-14.00).
The optimum temperature was determined by assaying
the enzyme activity at various temperatures (4 to 65∘C)
in 50mM phosphate buffer solution (pH 7.4). The enzyme
and the substrate solutions were preincubated, mixed, and
followed by the enzymatic reaction at the same temperature.
2.7. Substrate Specificity. Impact of various substituted
derivatives of aromatic compounds on activity of free
and immobilized enzyme was evaluated by incubating
the enzyme with the respective aromatic compound for
3min and assaying the activity. As a substrate, aromatic
dihydroxy acids: 2,3-; 2,4-; 2,5-; 2,6-; 3,5-dihydroxybenzoate,
caffeic acid, and 3,4-dihydroxyhydrocinnamic acid at 1mM
concentration were used.
2.8. Activity of Enzyme in the Presence of Inhibitors. Impact
of various aliphatic alcohols and chelators on both free
and immobilized enzyme was evaluated by incubating the
enzyme with the respective inhibitor for 3min and then
assaying the residual activity. At regular time intervals (30 s),
reaction progress was monitored by measuring oxygen con-
sumption. Assay of catechol 2,3-dioxygenase was proceeding
in the same way as in the case of noninhibited. Aliphatic
alcohols studied were methanol, ethanol, propanol, and
butanol at 100mM, 200mM, and 300mM concentrations.
For inhibition studies EDTA, 2,2󸀠-dipyridyl, and phenanthro-
line at 1mM, 2mM, and 3mM concentrations were used.
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Figure 1: Storage stabilities of protocatechuate 3,4-dioxygenase from Stenotrophomonas maltophiliaKB2 immobilized in calcium alginate (a)
or on glyoxyl agarose (b). Data shown represent the average of three independent trials.
3. Results and Discussion
3.1. Storage Stability. Protocatechuate 3,4-dioxygenase was
immobilized in calcium alginate or on glyoxyl agarose. One
of the most important parameters which should be consid-
ered during immobilization of enzyme is storage stability
because of its practical application. The stability of free and
the immobilized protocatechuate 3,4-dioxygenase was deter-
mined after storage of preparations in the phosphate buffers
(50mM, pH 7.0, for free enzyme or enzyme immobilized
in calcium alginate and 40mM, pH 8.0, for protocatechuate
3,4-dioxygenase immobilized on glyoxyl agarose) at 4∘C
for predetermined period. The entrapment of the proto-
catechuate 3,4-dioxygenase in calcium alginate matrix did
not significantly influence the storage stability (Figure 1(a)).
Multipoint attachment of the enzyme to the carrier (glyoxyl
agarose) causedmaintenance of its initial activity for a period
of 21 days (Figure 1(b)). Moreover, immobilized enzyme still
showed 9.93% of its initial activity after 28 days of storage,
while activity of the free enzyme was not observed.
3.2. Influence of Enzyme Immobilization on pH and Temper-
ature Optimum. Environmental factors affecting enzymatic
reactions include temperature and pH. Determination of the
influence of protocatechuate 3,4-dioxygenase immobilization
on pH optimum showed that entrapment of the enzyme
in calcium alginate gel shifted its optimum pH towards
high-alkaline pH (Figure 2(a)). In contrast, immobilization
of the enzyme on glyoxyl agarose did not influence its
pH profile. However, immobilization of protocatechuate 3,4-
dioxygenase on this carrier caused significant increase of
its activity (Figure 2(b)). Comparison of the temperature-
activity profiles (Figures 2(c) and 2(d)) showed that the
enzyme immobilized either in calcium alginate or on glyoxyl
agarose had approximately 5∘C and 10∘C lower optimum
temperature than free enzyme. Additionally, higher activity
of the enzyme immobilized on glyoxyl agarose was observed
(Figure 2(d)). It may result from the formation of covalent
bonds between the enzyme and the carrier and the increase
of enzyme rigidity [17]. Similarly, higher activity of enzyme
after its immobilization was observed by Singh and Ahmed
[18] and Cristovao et al. [19].
3.3. Effect of Immobilization on Substrate Specificity. Many
of intradiol dioxygenases show narrow substrate specificity
and regioselectivity [3, 20, 21]. These features make them
attractive tools for biocatalytic production of fine chemical,
pharmaceutical, or food ingredients. However, in bioremedi-
ation processes enzymes with wide substrate specificity are
desirable.
Protocatechuate 3,4-dioxygenase from KB2 strain
showed activity against various dihydroxybenzoic acids;
however, its activity towards these compounds was lower
than against primary substrate (protocatechuic acid).
Immobilization of enzyme in both carriers increased its
activity against all examined substrates (Table 1). Activity
of the enzyme immobilized in calcium alginate increased
particularly towards 2,5-dihydroxybenzoate, caffeic acid,
2,3-dihydroxybenzoate, and 3,5-dihydroxybenzoate. Caffeic
acid and 3,4-dihydroxyhydrocinnamic acid possess the same
configuration of hydroxyl group as protocatechuic acid.
Immobilization of enzyme in calcium alginate increased
its activity despite the presence of large substituent at 1 C
position of substrate. Slightly lower activity of the enzyme
was observed after its immobilization on glyoxyl agarose
(Table 1). Higher activity of protocatechuate 3,4-dioxygenase
toward ortho-diphenols with large substituents at the 4-
position was observed by Hammer et al. [21]. This effect
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Figure 2: Effects of pH ((a), (b)) and temperature ((c), (d)) on protocatechuate 3,4-dioxygenase from Stenotrophomonas maltophilia KB2
immobilized in calcium alginate ((a), (c)) or on glyoxyl agarose ((b), (d)).The data points represent the average of 3 independent experiments.
could be related to interactions between amino acid residues
at the entrance into the active site and the carriers that
extended area of substrate entrance. Various activities of
enzyme towards tested substrates may also be connected
with the type of matrix used for immobilization. Enzyme
immobilized in calcium alginate gel binds to the carrier
by electrostatic interaction while glyoxyl agarose is linked
with the enzyme by covalent bonds. Since positively charged
amino acids are localized at the entrance of crevasse, the
electrostatic interaction plays the key role in modulation of
enzyme activity [2, 22, 23]. Significant increase of enzyme
activity after its immobilization in calcium alginate was
probably caused by strong electrostatic interactions between
positively charged amino acid residues of the enzyme and
negatively charged groups of alginate.
Surprisingly, significant increase in activity of proto-
catechuate 3,4-dioxygenase immobilized in calcium algi-
nate against 2,3-dihydroxybenzoate, 2,5-dihydroxybenzoate,
and 3,5-dihydroxybenzoate (Table 1) was observed. These
compounds are nontypical substrates for this enzyme
because of hydroxyl group configuration. Each of the above-
mentioned substrates possesses at least one hydroxyl group
in meta position. High activity of immobilized protocate-
chuate 3,4-dioxygenase towards 2,3-dihydroxybenzoate, 2,5-
dihydroxybenzoate, and 3,5-dihydroxybenzoate could be
connected with modification of its catalytic mechanism
as only 2,3-dihydroxybenzoate is in configuration typical
for protocatechuate 3,4-dioxygenase’s substrate. Complete
change of enzyme activity after its immobilization was often
observed. For example, urokinase immobilized on glyoxyl
BioMed Research International 5
Table 1: Substrate specificity of immobilized protocatechuate 3,4-dioxygenase from StenotrophomonasmaltophiliaKB2.Data shown represent
the average of three independent trials ± standard deviation.
Substrate Relative activity of free enzyme, %
Relative activity of the
enzyme immobilized
in calcium alginate, %
Relative activity of the
enzyme immobilized
on glyoxyl agarose, %
Control-protocatechuate 100.0 ± 0.00 100.0 ± 0.00 100.0 ± 0.00
2,3-dihydroxybenzoate 23.60 ± 3.98 149.34 ± 22.94 119.83 ± 7.83
2,4-dihydroxybenzoate 43.50 ± 5.73 96.52 ± 16.78 65.60 ± 13.61
2,5-dihydroxybenzoate 33.46 ± 0.00 158.62 ± 11.71 72.11 ± 12.59
2,6-dihydroxybenzoate 30.51 ± 2.05 90.40 ± 6.09 36.15 ± 7.42
3,5-dihydroxybenzoate 44.33 ± 3.18 113.25 ± 2.81 42.86 ± 13.61
Caffeic acid 34.21 ± 9.65 150.00 ± 16.39 97.08 ± 11.13
3,4-dihydroxyhydrocinnamic acid 29.54 ± 5.42 95.03 ± 7.02 41.11 ± 15.26
Table 2: Effect of aliphatic alcohols on the activity of immobilized protocatechuate 3,4-dioxygenase from Stenotrophomonas maltophiliaKB2.
Data shown represent the average of three independent trials ± standard deviation.
Compound Concentration, (𝜇M) Relative activity offree enzyme, %
Relative activity of the
enzyme immobilized in
calcium alginate, %
Relative activity of the
enzyme immobilized on
glyoxyl agarose, %
None 100.0 ± 0.00 100.0 ± 0.00 100.0 ± 0.00
Methanol
100 96.53 ± 0.54 110.70 ± 6.88 37.07 ± 17.47
200 91.53 ± 2.18 90.08 ± 2.48 45.17 ± 9.28
300 101.54 ± 2.18 74.71 ± 2.2 100.00 ± 13.65
Ethanol
100 144.61 ± 13.06 90.47 ± 3.58 67.18 ± 14.20
200 156.69 ± 3.81 116.54 ± 1.92 52.51 ± 5.46
300 141.92 ± 1.63 155.65 ± 22.01 50.58 ± 28.94
Propanol
100 160.78 ± 22.84 100.39 ± 4.40 93.82 ± 9.28
200 134.23 ± 5.98 101.75 ± 7.98 78.38 ± 8.19
300 130.38 ± 1.63 101.75 ± 4.13 76.83 ± 11.47
Butanol
100 112.69 ± 1.63 122.28 ± 0.83 108.49 ± 3.82
200 120.77 ± 2.18 118.10 ± 11.28 86.87 ± 30.03
300 120.38 ± 2.72 109.15 ± 20.64 76.44 ± 0.0
agarose showed activity of glutathione S-transferase or lipase
after its immobilization in organic solvents catalysed transes-
terification reaction [14, 24].
3.4. Enzyme Activity in the Presence of Inhibitors. Inhibitors
interact with specific regions of the enzyme and inhibit
enzymes. For that reason immobilization may reduce inhi-
bition in two different ways based on the type of inhi-
bition. After immobilization allosteric site of enzyme may
be blocked which makes interaction between this site and
allosteric inhibitor impossible. Immobilization may also
slightly deform enzyme structure and as a consequence
influence changes in affinity of inhibitor to the active site of
enzyme [14].
Protocatechuate 3,4-dioxygenase possesses an iron ion
in the active site and therefore it was interesting to check
the influence of aliphatic alcohols on enzyme activity after
its immobilization. As it is known, aliphatic alcohols may
coordinate metal ions and have an influence on the reac-
tion microenvironment [1, 25, 26]. After immobilization of
enzyme in calcium alginate we did not observe its inhibition
by aliphatic alcohols at all tested concentration (Table 2).
Only 0.3mM methanol weakly inhibited examined enzyme.
This effect is connected with small size of methanolmolecule,
which penetrates the extended entrance into the active
site. Strong inhibition of enzymatic activity by aliphatic
alcohols, especially methanol and ethanol, was observed
after immobilization of protocatechuate 3,4-dioxygenase on
glyoxyl agarose. Low molecular alcohols inhibited the exam-
ined enzyme after immobilization on glyoxyl agarose due
to its strong hydrogen interaction with the enzyme in this
environment [10, 26]. Changes in enzyme structure after
its immobilization caused by covalent interaction made the
enzyme more sensitive to aliphatic alcohols.
Protective effect of immobilization in calcium alginate
on enzyme activity was observed in the presence of Cd2+,
Al3+, and Fe3+ while in the presence of Mn2+ and Zn2+
inhibitory effect of metals on enzyme activity increased
(Table 3). Protocatechuate 3,4-dioxygenase activation in the
presence of Fe3+ may be caused by greater availability of this
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Table 3: Effect of metals on the activity of immobilized protocatechuate 3,4-dioxygenase from Stenotrophomonas maltophilia KB2. Data
shown represent the average of three independent trials ± standard deviation.
Compound Concentration, (mM) Relative activity of
free enzyme, % [6]
Relative activity of the
enzyme immobilized in
calcium alginate, %
Relative activity of the
enzyme immobilized on
glyoxyl agarose, %
None 100.0 ± 0.00 100.0 ± 0.00 100.0 ± 0.00
Co2+
1 74.34 ± 19.14 39.68 ± 8.98 61.65 ± 8.88
2 70.58 ± 8.45 70.63 ±7.86 67.27 ± 0.00
3 51.55 ± 4.70 97.62 ± 3.37 86.11 ± 9.82
Cu2+
1 41.81 ±4.07 30.16 ± 0.00 85.12 ± 0.00
2 27.36 ± 2.61 28.57 ± 2.24 80.16 ± 5.61
3 29.64 ± 0.63 22.22 ± 0.00 85.12 ± 0.00
Ni2+
1 78.65 ± 3.02 70.27 ± 0.00 69.58 ± 0.00
2 88.34 ± 2.29 84.24 ± 3.84 44.63 ± 10.05
3 83.85 ± 0.31 63.51 ± 11.47 59.67 ± 0.93
Mn2+
1 108.06 ± 8.19 50.40 ± 1.13 70.74 ± 0.70
2 98.55 ± 5.08 20.00 ± 3.39 75.87 ± 6.76
3 80.92 ± 5.43 29.60 ± 3.39 83.30 ± 2.10
Cd2+
1 69.33 ± 4.01 106.76 ± 7.64 84.70 ± 7.03
2 63.85 ± 2.13 115.54 ± 8.60 112.62 ± 6.49
3 60.20 ± 12.64 62.16 ± 3.82 93.12 ± 8.11
Al3+
1 89.99 ± 5.43 46.62 ± 10.51 87.76 ± 4.33
2 68.39 ± 3.21 83.11 ± 0.96 78.97 ± 9.19
3 33.50 ± 2.14 131.08 ± 11.47 91.20 ± 17.31
Zn2+
1 94.27 ± 7.21 27.20 ± 11.31 70.74 ± 0.70
2 71.79 ± 5.17 11.20 ± 6.79 82.97 ± 3.97
3 50.95 ± 2.76 4.80 ± 0.00 67.76 ± 9.58
Fe3+
1 38.93 ± 6.17 180.16 ± 19.08 61.50 ± 0.00
2 31.17 ± 6.08 150.79 ± 9.00 56.03 ± 6.54
3 22.76 ± 2.11 141.27 ± 6.73 54.38 ± 5.61
ion for the active site. Untypical high activity of the enzyme
in the presence of Al3+ after entrapment of enzyme requires
further research.
Immobilization of enzyme on glyoxyl agarose showed
better protective effect than immobilization in calcium algi-
nate (Table 3). Only in the presence of Ni2+ the inhibition
increased. Nies [27] suggested that toxicity of Ni2+ is con-
nected with tendency of this cation to bind to the cysteine or
histidine residues of the protein. In the active site of intradiol
dioxygenases, the iron is coordinated by two tyrosines and
two histidines [1, 2]. Probably, the interaction between these
residues and Ni2+ decreased enzyme activity after its immo-
bilization [6, 27]. Cu2+, Cd2+, Al3+, and Fe3+ showed weaker
effect on the enzyme activity (Table 3). Gopal et al. [28]
demonstrated that ions of the same charge as the ions in the
active site can replace them and in this waymodulate enzyme
activity. Since in the active site of protocatechuate 3,4-
dioxygenase fromKB2Fe3+ ion is located, it could be replaced
by Al3+. However, covalent immobilization of the enzyme
increases its structure rigidity thatmakes the exchange of ions
impossible. In our previousworkwe suggested that binding of
transitionmetal ions such as Cu2+, Cd2+, Ni2+, Mn2+, or Zn2+
might deactivate enzyme by their interaction with the thiol
groups of protocatechuate 3,4-dioxygenase [6]. The weaker
inhibitory effect of Cu2+ and Cd2+ is connected with limited
mobility of protein chain after its immobilization.
It is known that enzymes possessing metal ions at their
active sites are sensitive to chelators [4, 29, 30]. Despite
this, after immobilization of protocatechuate 3,4-dioxygenase
from KB2 strain in calcium alginate gel, we did not observe
inhibition of the enzyme in the presence of ferrous or
ferric chelators (Table 4). Varga and Neujahr [31] observed
correlation between substrate specificity and the strength of
iron binding. However, our results show an opposite trend.
After immobilization in calcium alginate gel protocatechuate
3,4-dioxygenase showed wide substrate specificity and the
ironwas strongly bind at the active site. In contrast protocate-
chuate 3,4-dioxygenases immobilized on glyoxyl agarose was
inhibited by chelators at all tested concentrations (Table 4).
Differences in the enzymatic behavior of protocatechuate
BioMed Research International 7
Table 4: Effect of chelators on the activity of immobilized protocatechuate 3,4-dioxygenase from Stenotrophomonas maltophilia KB2. Data
shown represent the average of three independent trials ± standard deviation.
Compound Concentration, (𝜇M) Relative activity offree enzyme, %
Relative activity of the
enzyme immobilized in
calcium alginate, %
Relative activity of the
enzyme immobilized on
glyoxyl agarose, %
None 100.0 ± 0.00 100.0 ± 0.00 100.0 ± 0.00
EDTA
100 135.07 ± 1.86 113.13 ± 7.11 46.72 ± 27.85
200 128.19 ± 23.46 97.54 ± 3.91 30.89 ± 6.55
300 18.19 ± 0.12 116.92 ± 8.35 32.43 ± 3.28
2,2󸀠-dipyridyl
100 119.78 ± 0.87 123.81 ± 6.58 57.91 ± 0.00
200 99.30 ± 0.99 111.62 ± 3.55 30.12 ± 17.47
300 87.62 ± 4.85 117.40 ±3.56 22.01 ± 12.56
Phenanthroline
100 97.78 ± 7.33 117.53 ± 7.64 101.93 ± 1.09
150 81.46 ± 4.10 121.04 ± 5.87 60.62 ± 16.93
200 69.69 ± 3.11 101.56 ± 6.76 21.62 ± 7.64
3,4-dioxygenases depending on the method of immobiliza-
tion indicate various interactions between protein and the
carrier.
4. Conclusions
Immobilization of protocatechuate 3,4-dioxygenase from
Stenotrophomonas maltophilia KB2 has been shown to be
an effective method for improving the substrate specificity
of the enzyme. Differences in the enzyme behavior after
immobilization in calcium alginate or on glyoxyl agarose
resulted from the various types of interactions between the
enzyme and the carrier. Entrapment of protocatechuate 3,4-
dioxygenase protected the enzyme against chelators and
aliphatic alcohols while covalent binding of the enzyme to
the carrier caused its higher stability in the presence of
metal ions. It should be emphasized that the differences in
properties of the enzyme immobilized on glyoxyl agarose
and in alginate may contribute to wider use of this enzyme
in bioremediation. Production of biopreparat which contains
the enzyme immobilized in different matrix seems to be the
best way to improve degradation potential of protocatechuate
3,4-dioxygenase.
Conflict of Interests
All authors declare the absence of any conflict of interests
including any financial, personal, or other relationships with
other people or organizations that could inappropriately
influence, or be perceived to influence, their work.
Acknowledgment
This work was supported by the Polish Ministry of Science
and Higher Education (IP2010012170).
References
[1] A. Wo´jcik, T. Borowski, and E. Broclawik, “The mechanism of
the reaction of intradiol dioxygenase with hydroperoxy probe:
a DFT study,” Catalysis Today, vol. 169, no. 1, pp. 207–216, 2011.
[2] M. W. Vetting, D. A. D’Argenio, L. N. Ornston, and D. H.
Ohlendorf, “Structure of Acinetobacter strain ADP1 protocate-
chuate 3,4-dioxygenase at 2.2 A˚ resolution: implications for the
mechanism of an intradiol dioxygenase,” Biochemistry, vol. 39,
no. 27, pp. 7943–7955, 2000.
[3] C. T. Hou, M. O. Lillard, and R. D. Schwartz, “Protocatechuate
3,4-dioxygenase from Acinetobacter calcoaceticus,” Biochem-
istry, vol. 15, no. 3, pp. 582–588, 1976.
[4] Y. P. Chen, M. J. Dilworth, and A. R. Glenn, “Aromatic
metabolism in Rhizobium trifolii—protocatechuate 3,4-
dioxygenase,” Archives of Microbiology, vol. 138, no. 3, pp.
187–190, 1984.
[5] S. G. Iwagami, K. Yang, and J. Davies, “Characterization of the
protocatechuic acid catabolic gene cluster from Streptomyces sp.
strain 2065,” Applied and Environmental Microbiology, vol. 66,
no. 4, pp. 1499–1508, 2000.
[6] U. Guzik, K. Hupert-Kocurek, K. Sałek, and D. Wojcieszynska,
“Influence of metal ions on bioremediation activity of proto-
catechuate 3,4-dioxygenase from Stenotrophomonasmaltophilia
KB2,”World Journal of Microbiology and Biotechnology, vol. 29,
no. 2, pp. 267–273, 2013.
[7] D.Wojcieszyn´ska,U.Guzik, I. Gren´,M. Perkosz, andK.Hupert-
Kocurek, “Induction of aromatic ring: cleavage dioxygenases
in Stenotrophomonas maltophilia strain KB2 in cometabolic
systems,”World Journal of Microbiology and Biotechnology, vol.
27, no. 4, pp. 805–811, 2011.
[8] Y. Suma, D. Kim, J. W. Lee et al., “Degradation of catechol by
immobilized hydroxyquinol 1,2-dioxygenase (1,2-HQD) onto
single-walled carbon nanotubes,” in Proceedings of the Inter-
national Conference on Chemical, Environmental Science and
Engineering (ICEEBS ’12), Pattaya, Thailand, July 2012.
[9] E. Kalogeris, Y. Sanakis, D. Mamma, P. Christakopoulos, D.
Kekos, and H. Stamatis, “Properties of catechol 1,2-dioxygenase
from Pseudomonas putida immobilized in calcium alginate
8 BioMed Research International
hydrogels,” Enzyme and Microbial Technology, vol. 39, no. 5, pp.
1113–1121, 2006.
[10] D. Wojcieszyn´ska, K. Hupert-Kocurek, A. Jankowska et al.,
“Properties of catechol 2,3-dioxygenase from crude extract
of Stenotrophomonas maltophilia strain KB2 immobilized in
calcium alginate hydrogels,” Biochemical Engineering Journal,
vol. 66, pp. 1–7, 2012.
[11] A. Riaz, S. A. U. Qader, A. Anwar, and S. Iqbal, “Immobilization
of a thermostable 𝛼-amylase on calcium alginate beads from
Bacillus subtilis KIBGE-HAR,” Australian Journal of Basic and
Applied Sciences, vol. 3, no. 3, pp. 2883–2887, 2009.
[12] D. Brady and J. Jordaan, “Advances in enzyme immobilisation,”
Biotechnology Letters, vol. 31, no. 11, pp. 1639–1650, 2009.
[13] M. M. Yust, J. Pedroche, M. Alaiz et al., “Partial purification
and immobilization/stabilization on highly activated glyoxyl-
agarose supports of different proteases from flavourzyme,”
Journal of Agricultural and Food Chemistry, vol. 55, no. 16, pp.
6503–6508, 2007.
[14] R. K. Singh, M. K. Tiwari, R. Singh, and J. K. Lee, “From
protein engineering to immobilization: promising strategies for
the upgrade of industrial enzymes,” International Journal of
Molecular Science, vol. 14, no. 1, pp. 1232–1277, 2013.
[15] J. M. Bolivar, L. Wilson, S. A. Ferrarotti, J. M. Guisa´n, R.
Ferna´ndez-Lafuente, and C. Mateo, “Improvement of the sta-
bility of alcohol dehydrogenase by covalent immobilization on
glyoxyl-agarose,” Journal of Biotechnology, vol. 125, no. 1, pp. 85–
94, 2006.
[16] C. Megı´as, J. Pedroche, M. M. Yust et al., “Immobilization of
angiotensin-converting enzyme on glyoxyl-agarose,” Journal of
Agricultural and Food Chemistry, vol. 54, no. 13, pp. 4641–4645,
2006.
[17] P. V. Iyer and L. Ananthanarayan, “Enzyme stability and
stabilization—aqueous and non-aqueous environment,” Process
Biochemistry, vol. 43, no. 10, pp. 1019–1032, 2008.
[18] V. Singh and S. Ahmed, “Silver nanoparticle (AgNPs) doped
gum acacia-gelatin-silica nanohybrid: an effective support for
diastase immobilization,” International Journal of Biological
Macromolecules, vol. 50, no. 2, pp. 353–361, 2012.
[19] R. O. Cristovao, S. C. Silverio, A. P. M. Tavares et al.,
“Green coconut fiber: a novel carrier for the immobilization
of commercial laccase by covalent attachment for textile dyes
decolourization,”World Journal of Microbiology and Biotechnol-
ogy, vol. 28, no. 9, pp. 2827–2838, 2012.
[20] H. Fujisawa andO.Hayaishi, “Protocatechuate 3,4-dioxygenase.
I. Crystallization and characterization,”The Journal of Biological
Chemistry, vol. 243, no. 10, pp. 2673–2681, 1968.
[21] A. Hammer, A. Stolz, and H. J. Knackmuss, “Purification
and characterization of a novel type of protocatechuate
3,4-dioxygenase with the ability to oxidize 4-sulfocatechol,”
Archives of Microbiology, vol. 166, no. 2, pp. 92–100, 1996.
[22] C. Hartnett, E. L. Neidle, K. L. Ngai, and L. N. Ornston,
“DNA sequences of genes encoding Acinetobacter calcoaceticus
protocatechuate 3,4-dioxygenase: evidence indicating shuffling
of genes and of DNA sequences within genes during their
evolutionary divergence,” Journal of Bacteriology, vol. 172, no.
2, pp. 956–966, 1990.
[23] A. M. Orville, N. Elango, J. D. Lipscomb, and D. H. Ohlendorf,
“Structures of competitive inhibitor complexes of protocat-
echuate 3,4-dioxygenase: multiple exogenous ligand binding
orientations within the active site,” Biochemistry, vol. 36, no. 33,
pp. 10039–10051, 1997.
[24] D. Rotticci, T. Norin, and K. Hult, “Mass transport limita-
tions reduce the effective stereospecificity in enzyme-catalyzed
kinetic resolution,” Organic Letters, vol. 2, no. 10, pp. 1373–1376,
2000.
[25] I. Bertini, F. Briganti, andA. Scozzafava, “Aliphatic and aromatic
inhibitors binding to the active site of catechol 2,3-dioxygenase
from Pseudomonas putida mt-2,” FEBS Letters, vol. 343, no. 1,
pp. 56–60, 1994.
[26] A. Tezvergil-Mutluay, K. A. Agee, T. Hoshika et al., “Inhibition
of MMPs by alcohols,” Dental Materials, vol. 27, no. 9, pp. 926–
933, 2011.
[27] D. H. Nies, “Microbial heavy-metal resistance,” Applied Micro-
biology and Biotechnology, vol. 51, no. 6, pp. 730–750, 1999.
[28] B. Gopal, L. L. Madan, S. F. Betz, and A. A. Kossiakoff, “The
crystal structure of a quercetin 2,3-dioxygenase from Bacillus
subtilis suggests modulation of enzyme activity by a change in
the metal ion at the active site(s),” Biochemistry, vol. 44, no. 1,
pp. 193–201, 2005.
[29] V. Gopalan, R. H. Glew, D. P. Libell, and J. J. DePetro, “The dual
effects of alcohols on the kinetic properties of guinea pig liver
cytosolic 𝛽-glucosidase,” The Journal of Biological Chemistry,
vol. 264, no. 26, pp. 15418–15422, 1989.
[30] U. Guzik, K. Hupert-Kocurek, and M. Sitnik, “High activity
catechol 1,2-dioxygenase from Stenotrophomonas maltophilia
KB2 as a useful tool in cis, cis-muconic acid production,”
Antonie van Leeuwenhoek, vol. 103, no. 6, pp. 1297–1307, 2013.
[31] J. M. Varga and H. Y. Neujahr, “Purification and properties of
catechol 1,2-oxygenase from Trichosporon cutaneum,” European
Journal of Biochemistry, vol. 12, no. 3, pp. 427–434, 1970.
Submit your manuscripts at
http://www.hindawi.com
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
 Anatomy 
Research International
Peptides
International Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation 
http://www.hindawi.com
 International Journal of
Volume 2014
Zoology
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Molecular Biology 
International 
Genomics
International Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Bioinformatics
Advances in
Marine Biology
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Signal Transduction
Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
BioMed 
Research International
Evolutionary Biology
International Journal of
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Biochemistry 
Research International
Archaea
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Genetics 
Research International
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Advances in
Virolog y
Hindawi Publishing Corporation
http://www.hindawi.com
Nucleic Acids
Journal of
Volume 2014
Stem Cells
International
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
Enzyme 
Research
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014
International Journal of
Microbiology
